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Organic matter (OM) in aquatic systems is either produced internally (autochthonous
OM) or delivered from the terrestrial environment (ter-OM). For eutrophication (or the
reverse – oligotrophication), the amount of autochthonous OM plays a key role for
coastal ecosystem health. However, the influence of ter-OM on eutrophication or
oligotrophication processes of coastal ecosystems is largely unclear. Therefore, ter-
OM, or ter-OM proxies are currently not included in most policies or monitoring
programs on eutrophication. Nevertheless, ter-OM is increasingly recognized as a
strong driver of aquatic productivity: By influencing underwater light conditions and
nutrient- and carbon availability, increased ter-OM input may shift systems from
autotrophic toward heterotrophic production, but also alter the interactions between
benthic, and pelagic habitats. Thus, by changing baseline conditions in coastal zones,
ongoing, and predicted changes in inputs of ter-OM due to climate change (e.g., in
precipitation) and anthropogenic activities (e.g., reduced sulfate deposition, damming,
and coastal erosion) may strongly modify eutrophication symptoms within affected
ecosystems, but also hinder recovery from eutrophication following a reduction in
nutrient loadings (i.e., oligotrophication). In this review, we aim to shed light upon
the role of ter-OM for coastal eutrophication and oligotrophication processes and
ecosystem health. Specifically, we (1) discuss the theoretical interactions between
ter-OM and eutrophication and oligotrophication processes in coastal waters, (2)
present global case studies where altered ter-OM supply to coastal ecosystems has
shifted baseline conditions, with implications for eutrophication and oligotrophication
processes, and (3) provide an outlook and recommendations for the future management
of coastal zones given changes in ter-OM input. We conclude that it is essential to
include and target all OM sources (i.e., also ter-OM) in monitoring programs to better
understand the consequences of both eutrophication and oligotrophication processes
on coastal ecosystems. Our review strongly urges to include ter-OM, or ter-OM proxies
in eutrophication monitoring, and policies to safeguard coastal ecosystem health also
under changing climatic conditions and globally increasing anthropogenic perturbations
of coastal ecosystems.
Keywords: browning, coastal darkening, dissolved organic carbon, eutrophication, nutrients, organic carbon,
terrestrial organic matter
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INTRODUCTION
Eutrophication has remained a major threat to coastal ecosystems
globally throughout the past decades and is today acknowledged
as a complex process caused by increased inputs of various
nutrients (Nixon, 1995; Boesch, 2002; Seitzinger et al., 2010).
Under natural conditions, nutrient runoff from land plays a
crucial role in fueling the productivity of coastal, and estuarine
systems and by providing key ecosystem services (Nixon, 1988;
Barbier et al., 2011; Cloern and Jassby, 2012; Cloern et al., 2014).
However, excess supply of nutrients may overstimulate internal
production of organic matter (autochthonous OM), resulting in
reduced water quality and ecosystem health by causing symptoms
such as increased growth of macrophytes and harmful algae, as
well as a depletion in bottom water oxygen, and periodic fish
kills (Nixon, 1995; Schindler, 2006; Diaz and Rosenberg, 2008;
Conley et al., 2009).
Historically, the main nutrients within the focus of
eutrophication research and policy have been nitrogen (N)
and phosphorus (P) (Schindler, 2006). The increased input of
these elements, especially their inorganic forms, can be linked
directly to anthropogenic activities within the catchment of
a waterbody (e.g., agriculture, fertilization, and wastewater)
or from deposition of long-range transported air pollutants
(e.g., industrial or agricultural emissions) (Nixon, 1995; Diaz
and Rosenberg, 2008; Conley et al., 2009). Therefore, reducing
inorganic nutrient loads to coastal zones has been the main
strategy in national and international policies to reduce
eutrophication (Boesch, 2002; Carstensen et al., 2006; Duarte
et al., 2009). The resulting reduction in nutrient loading to
coastal systems has been termed “oligotrophication,” indicating a
recovery from eutrophication (Nixon, 2009).
Besides inorganic nutrients, terrestrial organic matter (ter-
OM) is an important component of riverine runoff that has been
gaining increasing attention in recent years (Solomon et al., 2015;
Ward et al., 2017; Bianchi et al., 2018). Historically, ter-OM was
assumed to be stable and relatively resistant to transformations
within coastal and estuarine systems (Carlson and Hansell,
2015). However, there was an expressed discrepancy between the
high amounts of carbon being transported from land to coasts,
compared to the relatively small amounts of terrestrial carbon
detectable in oceanic waters and sediments (Hedges et al., 1997;
Bianchi, 2011). Today, there is strong evidence that significant
transformations of both particulate and dissolved ter-OM
fractions occur in coastal and estuarine waters, as well as along
their transport downstream (Coble, 2007; Osburn and Bianchi,
2016; Massicotte et al., 2017). These transformational processes
are photodegradation, biodegradation and flocculation (causing
increased sedimentation), and the relative importance of these
processes will vary along the salinity gradient (Weyhenmeyer
et al., 2012; Riedel et al., 2016; Massicotte et al., 2017;
Bianchi et al., 2018).
Terrestrial organic matter export to coastal ecosystems has
been increasing in both boreal (Figures 1A,B; Monteith et al.,
2007; de Wit et al., 2016), and arctic regions (Figures 1C,D;
Dickson et al., 2000; Peterson et al., 2002; Carmack et al., 2015).
Climate drivers such as precipitation changes and increased
FIGURE 1 | Examples of altered ter-OM loads to coastal ecosystems in (A,B)
the boreal zone, due to increased precipitation with potential effects on kelp
forests (Skagerrak, Norway), (C,D) the arctic zone, due to thawing permafrost
and melting glaciers (Longyearbyen, Spitzbergen), (E,F) tropical zones, due to
episodic extreme events with potential effects on e.g., coral reefs (Australia),
and (G,H) global coastal zones due to direct human impacts on land-ocean
interactions, such as structural modifications of shorelines (Pescadores
Islands, Taiwan), or dam construction (Gordon Dam, Australia). Photo
courtesy: (A,C,D,F,G) A. Deininger, (B) J. Gitmark, (E) J. Schmaltz (NASA),
and (H) L. Lagrainge.
temperatures are believed to be important for both regions,
however, with decreasing sulfate depositions (i.e., acid rain)
as an additional driver of ter-OM input in boreal regions
(resulting in the often termed “browning” of boreal freshwaters).
In addition, structural changes to hydrological cycles (dams,
land use), coastal erosion, sea level rise and urbanization
(Figures 1G,H), are causing altered (increasing or decreasing)
inputs of ter-OM globally, with impacts on ecosystems already
under significant stress, such as tropical coral reefs or seagrass
meadows (Figures 1E,F; Nyström et al., 2000; Butler et al., 2015;
Selvaraj et al., 2015; Regier and Jaffé, 2016).
How and to what extent changed input of ter-OM might
influence coastal zones simultaneously receiving excess supply
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of inorganic nutrients (i.e., eutrophication) is currently an
unanswered question (Nixon, 2009; Ferreira et al., 2011; Newton
et al., 2012), especially since ter-OM or ter-OM proxies are
not considered in most monitoring programs or policies aimed
to address eutrophication. However, there are indications that
increased ter-OM may lead to symptoms typically associated
with eutrophication, such as net heterotrophy, anoxic bottom
water zones or a decline in macrophyte cover (Andersson
et al., 2013). This overlap in symptoms might be problematic,
since it may lead to a misdiagnosis of the causes based on
the symptoms, especially since information regarding changes
in ter-OM input in monitoring programs is often lacking.
Duarte et al. (2009) describe how several coastal ecosystems
have not returned to original conditions or reference status
following nutrient reductions to alleviate eutrophication effects,
which the authors attribute to changed baseline conditions of
the ecosystems over time. Increased ter-OM inputs to coastal
ecosystems will affect baseline conditions, together with other
natural, and anthropogenic pressures. It is therefore possible
that altered runoff of ter-OM might prevent improvement in
ecosystem health of systems undergoing oligotrophication (i.e.,
decreased inorganic nutrient inputs).
With this review, we aim to reevaluate the role of
ter-OM for coastal eutrophication, oligotrophication and
ecosystem health. Firstly, we will discuss potential theoretical
consequences of altered ter-OM input on coastal ecosystems
undergoing eutrophication or oligotrophication, by combining
existing knowledge collected within the fields of ter-OM
and eutrophication research. Secondly, we will provide case
studies where interactions of ter-OM with eutrophication
or oligotrophication are already visible, and expected to
increase with future human perturbations or climate impacts
on these ecosystems. In sum, our paper seeks to improve
the knowledge on the interactions between eutrophication
and altered ter-OM runoff to coastal ecosystems, and to
strengthen the collaboration between these two fields of
research. We advice current eutrophication programs and
policies to include all OM sources (i.e., also ter-OM) in order
to improve our understanding of the interactive effects of
human pertubations to coastal ecosystems and to secure coastal
ecosystem health also in the face of accelerating human pressures
and climate change.
THEORETICAL INTERACTIONS OF
ter-OM WITH EUTROPHICATION AND
OLIGOTROPHICATION
Terrestrial organic matter may interact with its environment
in different ways, depending largely on its chemical and
optical properties, but also abiotic (e.g., temperature, salinity),
and biotic conditions (e.g., bacterial community composition)
(Hedges et al., 1997; Bianchi et al., 2018). When moving
from land to sea, ter-OM compounds may undergo substantial
modifications along the whole gradient from the upstream
catchment to the downstream coastal region (Massicotte et al.,
2017). Understanding the different processes involved, as well as
the various consequences for ecosystem functioning is currently a
vivid field of research (Massicotte et al., 2017; Bianchi et al., 2018;
Painter et al., 2018).
Generally, the different ter-OM compounds may be
transformed via three main types of reactions: (1) biodegradation,
(2) photochemical oxidation (i.e., photodegradation), and (3)
flocculation (causing increased sedimentation) (Weyhenmeyer
et al., 2012; Riedel et al., 2016; Massicotte et al., 2017;
Bianchi et al., 2018). Below, we discuss the various physical
and chemical characteristics of the carbon, nutrient and
micronutrient fractions.
The chromophoric fraction (CDOM) of the dissolved
component of ter-OM, or CDOM, is a major driver of the
underwater light climate and photochemistry (Figure 2A; Coble,
2007; Kirk, 2010; Osburn et al., 2016). By absorbing light,
CDOM may either cause protection of underwater organisms
against harmful ultraviolet (UV) radiation, but also induce light-
limitation for aquatic primary producers, causing a decrease in
autotrophic production after a certain threshold (Figure 2B;
Falkowski and Laroche, 1991; Wikner and Andersson, 2012;
Thrane et al., 2014). Additionally, the coastal light environment
can also be strongly impacted by larger sized particulate-OM, as
well as inorganic particles entering with the terrestrial runoff.
These particles can not only cause light absorption, but also
shading and scattering, and could potentially have an even
stronger impact on the coastal light environment than CDOM,
depending on respective concentrations, size and chemical
properties (Sholkovitz, 1976; Kirk, 2010; Bainbridge et al.,
2018; Margvelashvili et al., 2018). Through its UV-absorption
potential, ter-OM may also reduce the amount of light reaching
FIGURE 2 | Simplified conceptual framework illustrating the influence of
increasing ter-OM on (A) baseline light (gray), nutrient, and carbon availability
(black) in aquatic systems and hypothesized effects on (B) autotrophic
production, (C) heterotrophic production, and (D) autotrophic vs.
heterotrophic production in oligotrophic (blue, dotted line) and eutrophic
(green, solid line) systems.
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benthic environments and may, depending on depth, result in a
shift from benthic to pelagic primary production (Jones, 1992;
Fabricius, 2005; Karlsson et al., 2009). Further, shading caused
by ter-OM might inhibit growth-stimulating nutrient effects on
autotrophs, and lead to an additional advantage for heterotrophs
though reduced niche competition (Wikner and Andersson,
2012; Andersson et al., 2013). This resulting release from nutrient
competition with autotrophs, may enhance nutrient availability
for bacterial production and heterotrophic processes in both
pelagic and benthic habitats (Figure 2C; Jones, 1992; Jansson
et al., 2003). Decreased oxygen production by autotrophs and
increased oxygen demand by heterotrophs (i.e., respiration)
might shift coastal ecosystems toward net heterotrophy, with
increased release of greenhouse gases (e.g., CO2, N2O) and a
potential increase in coastal dead zones (Figure 2D; Wikner
and Andersson, 2012; Andersson et al., 2013; Lapierre et al.,
2013). Additionally, changes in CDOM might induce shifts in
benthic and pelagic community composition toward mixo- and
heterotrophic species due to altered baseline light conditions in
these environments (Fabricius, 2005; Moy and Christie, 2012;
Deininger et al., 2017). Another consequence of a shift from
autotrophic to heterotrophic production might be a reduction
in food quantity, quality, and food web efficiency to higher
trophic levels: bacerial-based food chains are typically lower
in essential polyunsaturated fatty acids (PUFAs) important for
consumers, as well as longer and therefore less efficient in
energy transfer than phytoplankton-based food chains (Nixon,
1988; Müller-Navarra et al., 2000; Berglund et al., 2007). Lastly,
reduced light levels caused by higher ter-OM conditions may
hinder re-establishment of macrophyte cover, coral survival, or
original phytoplankton communities following oligotrophication
of coastal ecosystems (Fabricius, 2005; Karlsson et al., 2009;
Filbee-Dexter and Wernberg, 2018).
The carbon compounds of ter-OM (i.e., dissolved organic
carbon, DOC) may serve as a major energy source for hetero- and
mixotrophic producers and stimulate heterotrophic production,
until other factors will further limit growth (e.g., temperature,
predation) (Figures 2A,C; Stepanauskas et al., 2002; Berglund
et al., 2007). However, the bioavailability of DOC has been shown
to strongly depend on molecule size and molecule structure
of the carbon component, as well as the present bacterial
community composition (Kamjunke et al., 2017; Creed et al.,
2018). Nevertheless, it is likely that heterotrophic production in
general will be stimulated by ter-OM inputs, supporting higher
levels of production at high nutrient inputs (i.e., Figure 2C,
eutrophic scenario), than at relatively lower nutrient inputs
(Figure 2C, oligotrophic scenario). Further, this response will
depend on the initial trophic state of the system and the duration
of the nutrient pulses (hours, days, weeks), with different
functional groups dominating depending on their adaptation
strategies (Berglund et al., 2007; Deininger et al., 2016, 2017).
Besides the carbon compounds, ter-OM also contains
complexed elements, such as macronutrients, micronutrients,
and contaminants. The macronutrient compounds of ter-OM
consist mainly of N and P (i.e., organic N, P; Figure 2A). Also
for these ter-DOM compounds, bioavailability may be highly
variable irrespective of total concentrations (i.e., TN, TP), making
measurements of TN and TP potentially poor indicators for
predicting productivity responses (Bergström, 2010; Berggren
et al., 2015; Soares et al., 2017). However, in contrast to
carbon compounds, macronutrients can support auto-, mixo-
and heterotrophic processes, depending on bioavailability,
competition between species, as well as other abiotic conditions
such as light availability (Figures 2B–D; Berggren et al., 2015;
Soares et al., 2017). Due to these multiple interactions, it
is difficult to predict, which productivity processes organic
N and P components might ultimately influence. Nutrient
effects might strongly depend on initial baseline nutrient
conditions: In oligotrophic and ter-OM poor systems, it has
been hypothesized that increasing ter-OM concentrations might
initially increase autotrophic production until systems eventually
become increasingly light-limited (e.g., ∼5 mg L−1 in boreal
and arctic lakes) (Figure 2B, oligotrophic scenario) (Seekell
et al., 2015). A similar response might not be expected in
eutrophic systems, where ter-OM-attributed nutrient effects
might comparably be diluted in the overall high-nutrient
baseline conditions. Additionally, self-shading effects might
occur through increased autochthonous OM production (i.e.,
phytoplankton blooms), which can substantially decrease light
availability (Figure 2B, eutrophic scenario), with increasing
habitat suitability for heterotrophs (Figures 2C,D). Also
micronutrient compounds, and especially iron (Fe), may strongly
stimulate coastal basal production, especially heterotrophic-
and N-fixing bacteria, which have been shown to be more
efficient in accessing complexed Fe than autotrophs (Hyenstrand
et al., 2000; Sorichetti et al., 2014, 2016). In coastal zones, the
concentration of Fe is comparably higher than in open oceans due
to the large shelf sources (Johnson et al., 1997, 1999). Fe-DOM
complexes are photoreactive, however given its strong positive
charge, Fe is typically strongly bound, and precipitates fast when
dissociated from DOM.
Lastly, ter-OM may also affect contaminant dynamics in
coastal zones, as many contaminants are also positively charged,
such as mercury (Hg), either to its inorganic [Hg(II)] or its
organic form (methyl-Hg) (Haitzer et al., 2003; Ravichandran,
2004). The latter is a highly potent neurotoxin, and biomagnifies
in aquatic food webs (Morel et al., 1998; Ullrich et al., 2001;
Schartup et al., 2017). Thus, increased inflow of ter-OM
might ultimately result in increased inflow of attributed toxic
contaminants, such as methyl-Hg, threatening both ecosystem
health and water quality. Interaction effects with eutro- or
oligotrophication are currently unclear but might also depend
largely on the ter-OM-induced shifts from autotrophic toward
heterotrophic production, which might increase the direct or
indirect consumption of ter-OM by aquatic consumers, and
therefore the attributed methyl-Hg uptake (Karlsson et al., 2012;
Berggren et al., 2015; Schartup et al., 2017).
In summary, the effect of changing inorganic nutrient supply
(i.e., eutro-, oligotrophication) on coastal ecosystems might
systematically be altered by shifted baseline conditions caused
by changes in ter-OM input. Ter-OM may alter light quantity
and quality for autotrophic producers through its chromophoric
compounds (Figures 2A,B), stimulate growth of different
producers and consumers via its carbon, macronutrient (N, P)
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(Figures 2A–D) and micronutrient (mainly iron, Fe) fractions,
and/or induce toxicity through its contaminant compounds (e.g.,
mercury) (Stepanauskas et al., 2002; Fabricius, 2005; Creed et al.,
2018). Importantly, to understand the interaction of ter-OM with
its surrounding environment (and eutro-, oligotrophication),
both chemical and optical properties, but also the reactivity of
the material has to be considered (Hedges et al., 1997; Osburn
and Bianchi, 2016; Bianchi et al., 2018).
CASE STUDIES OF ALTERED ter-OM
LOADS TO COASTAL ECOSYSTEMS
To date, most mechanistic understanding related to ter-OM
effects on aquatic ecosystems comes from systems where aquatic
ter-OM concentrations are amongst the highest globally, namely
boreal freshwaters and the Baltic Sea (Sobek et al., 2007; Kirk,
2010). Here, ter-OM has been recognized for decades as a
fundamental driver of aquatic ecosystem productivity, ecosystem
structure, functioning, and greenhouse gas emission through its
light-absorbing, nutrient- and carbon-providing properties (i.e.,
Figure 2; Solomon et al., 2015; Andersson et al., 2018; Creed
et al., 2018). However, there is increasing evidence that there
are similar processes involved for ter-OM processing and cycling
when entering systems with comparably lower concentrations
than above, such as the Amazon or the Mississippi river to
ocean continuum, the Great Barrier reef, and the Arctic Ocean
(Figure 1) (Fabricius, 2005; Seidel et al., 2015; Duan et al., 2017;
Tanski et al., 2017). Below, we will present case studies from
ecosystems where increased ter-OM has already changed biotic
and abiotic conditions (e.g., Baltic Sea), to ecosystems where ter-
OM has recently started to increase (boreal, arctic, tropical, and
global patterns), to cases where ter-OM input is abrupt, extreme,
short-term and predicted to increase in frequency (globally,
episodic events).
Pilot Case: Baltic Sea
The Baltic sea is the world’s largest semi-enclosed sea. This
setting might be the reason why eutrophication has drastically
affected its ecosystem health, making the Baltic a pilot study
for both research and implementing policies on eutrophication
(Larsson et al., 1985; Heisler et al., 2008; Andersen et al.,
2011; Paasche et al., 2015). In addition, the nature of the
catchment (i.e., high amounts of peatland), as well as long water
residence times might be additional contributing factors to why
runoff of ter-OM has already led to comparably high ter-OM
concentrations and ecosystem effects compared to other coastal
ecosystems with higher water mass exchange (Søndergaard and
Thomas, 2004; Andersson et al., 2013). Recently, interactions
between eutrophication and ter-OM in the Baltic have received
increasing attention (Wikner and Andersson, 2012; Andersson
et al., 2013). In a mesocosm experiment, Andersson et al. (2013)
showed that additions of inorganic nutrients alone resulted in
typical eutrophication symptoms, whereas additional supply of
humic carbon resulted in increased bacterial production and
increased net heterotrophy (Figures 2C,D). This agrees with an
analysis of long-term monitoring data of the northern Baltic
Sea, showing that increased riverine discharge over a 40-year
period correlated with increased bacterial production and net
heterotrophy (Wikner and Andersson, 2012). However, the trend
in heterotrophy was not only driven by increased bacterial
production, but largely also (71%) by induced light limitation,
and a reduction in phytoplankton productivity (Figure 2B).
These findings indicate that ter-OM plays an important role as
a regulator of coastal productivity, but more studies are needed
to confirm these observed patterns both at high- (e.g., northern
Baltic) and lower ter-OM (southern Baltic) concentrations.
Other Boreal Cases
As a result of the increased ter-OM input and consequent
browning of boreal freshwaters, most cases of increased
downstream ter-OM runoff to coastal zones are reported for
the boreal zone. Besides the Baltic, other European cases of
potentially increased inputs of ter-OM have been reported for the
Norwegian coast, e.g., the “coastal darkening” of the Skagerrak
and the North Sea (Figure 1A; Aksnes et al., 2009; Dupont
and Aksnes, 2013; Frigstad et al., 2013). Here, increases in
ter-OM are hypothesized to be connected both to increased
discharge of rivers flowing into the Skagerrak (i.e., increasing
the loads of OM) (Skarbøvik et al., 2017), but also an increase
in the concentrations of the various components of OM per
se (de Wit et al., 2016). For example, Frigstad et al. (2013)
found a decrease in the inorganic nutrient fraction for the
coastal Skagerrak area (southern Norway), while there was an
increase in the dissolved and particulate organic fractions of
both carbon and nutrients, believed to be related to increased
loading of ter-OM (Figure 2A). In the same area, a large-
scale shift from sugar kelp (Saccharina latissima, Figure 1B)
to ephemeral algae occurred around 2002 (Moy and Christie,
2012), connected with high summer temperatures and siltation
from river runoff. Over the same time-period, the soft-bottom
fauna in Skagerrak has shown improved status believed to
be related to an improvement in eutrophication status (i.e.,
oligotrophication) (Trannum et al., 2018). However, to be able
to disentangle the effects of eutrophication, oligotrophication and
increased ter-OM in this region, it is important to have consistent
ecosystem monitoring that also includes measurements relevant
for detecting changes in ter-OM, such as DOC, CDOM, and light.
Arctic- and Subarctic Cases
Increases in ter-OM have been reported for many coastal
shelf areas of the Arctic (Dickson et al., 2000; Peterson
et al., 2002; ACIA, 2004; Kaiser et al., 2017). In this region,
increased precipitation driven by climate change, and thawing
of permafrost and glaciers have already resulted in increased
riverine runoff of ter-OM to arctic and subarctic coasts across
Scandinavia, Russia, and North America (Figures 1C,D; Dickson
et al., 2000; Peterson et al., 2002; ACIA, 2004; Kaiser et al.,
2017). These trends are likely to continue, given the predicted
increases in both precipitation and temperature, further inducing
permafrost thawing, and ter-OM runoff (Froese et al., 2008;
Schuur et al., 2008; Carmack et al., 2016). Upstream arctic
and subarctic catchments harbor up to 50% of the worlds soil
carbon, wherefore increased runoff will potentially have large
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consequences for carbon stocks and cycling (Gorham, 1991;
Waelbroeck et al., 1997; Kaiser et al., 2017). Thus, runoff from
both permafrost and glaciers can be expected to have large
consequences for downstream coastal ecosystems and ecosystem
baseline conditions (Figures 2B–D; Dunton et al., 2012; Lydersen
et al., 2014; Kaiser et al., 2017). Although eutrophication is not
a major problem in the Arctic, including ter-OM measurements
in current monitoring programs and research expeditions will
greatly benefit basic research around the interactions effects of
ter-OM and eutrophication, since arctic shelf seas may serve
as unique reference systems and provide important insights
into current and potential future drivers of primary production
(Mann et al., 2016). Additionally, studying ter-OM in the Arctic
will greatly improve current understanding behind the triggers of
ter-OM runoff, but also interactions with e.g., coastal freshening
and the importance of ter-OM quality and source (e.g., boreal
soils vs. glacier runoff) (Blair and Aller, 2012).
Tropical Cases
Human activities have been causing large changes to land-
ocean interactions in tropical regions by affecting upstream
catchments properties (details see section “Global Cases Caused
by Structural Modifications”), altering floodplain structures and
inundation patterns (e.g., for rice paddies, shrimp farms),
as well as by potentially affecting weather patterns leading
to an increasing frequency of extreme precipitation events
(i.e., hurricanes and cyclones causing episodic input of ter-
OM) (Nyström et al., 2000; Butler et al., 2015; Selvaraj
et al., 2015; Regier and Jaffé, 2016). Generally, tropical land-
ocean transects are important hot-spots for biogeochemical
ter-OM cycling due to several reasons: their comparably high
temperatures, their seasonal inundations over large areas, and
their diversity in catchment characteristics, ranging from tropical
forests to dryland and from pristine areas to heavily human
perturbed areas (dams, river withdraw, and channel alterations)
(Burns et al., 2008; Hamilton, 2010; Seidel et al., 2015).
Much is still unclear about the ecological equilibrium within
these diverse systems, especially within benthic environments,
such as coral reefs or macrophyte meadows which are
currently decreasing globally (Nyström et al., 2000; Comte
and Pendleton, 2018; Filbee-Dexter and Wernberg, 2018).
Findings management strategies for these threatened ecosystems
is under strong investigation (Pittman and Armitage, 2016;
Regier and Jaffé, 2016; Comte and Pendleton, 2018). For
example, recent studies from Australia have indicated that
increased input of ter-OM following episodic rain events
and attributed increases in nutrient concentrations, turbidity,
and sedimentation may strongly change baseline conditions
important for the growth, survival, but also reproduction
and recruitment of corals, and organisms living within coral
associated habitats (Figures 1E,F; Nyström et al., 2000; Fabricius,
2005; Regier and Jaffé, 2016). However, the current state of
knowledge does not allow to identify the specific drivers
influencing tropical coastal ecosystems, largely due to missing
monitoring data of comparable parameters along the land-
ocean continuum, but also the complexity of processes along
the gradient (Burns et al., 2008; Hamilton, 2010; Seidel et al.,
2015; Regier and Jaffé, 2016). Similarly, it is difficult to predict
the effects of increased temperature due to global warming on
these highly dynamic ecosystem processes (Hamilton, 2010).
However, including ter-OM or ter-OM proxies, in addition to
eutrophication proxies, in the monitoring of tropical coastal
waters would aid in understanding these hotspots, but also
hot moments (i.e., episodic events) of ter-OM input and
cycling in these rapidly changing ecosystems (Hamilton, 2010;
Seidel et al., 2015).
Global Cases Caused by Structural
Modifications
Terrestrial organic matter input may also be systematically
altered directly through human activities. For example,
decreased river runoff may in some cases be directly attributed
to anthropogenic activities within the river catchment. These
activities may be the building of dams and reservoirs, but
also land use changes (agriculture, forestry), urbanization,
structural changes to shoreline or the extraction of water
for irrigation purposes (Figures 1G,H) (Milliman et al.,
2008; García-Ruiz et al., 2011; Su et al., 2018). Within mid-
latitude rivers for example, river runoff has decreased by
∼60% during the last half of the 20th century (Milliman
et al., 2008). As discussed above, changing upstream runoff
has large consequences for downstream ecosystems, by
changing the transport, transformation, and delivery of
material (both ter-OM and inorganic nutrients) into coastal
zones (Seitzinger et al., 2010). Given the ongoing and predicted
demographic pressures in many water-scarce regions of the
world (Africa, Asia, Australia, Mediterranean, southern Mexico,
and northern Brazil), the decrease in river runoff is likely
to accelerate and deserve careful monitoring of downstream
ecosystems (Milliman et al., 2008; García-Ruiz et al., 2011;
Donnelly et al., 2017).
Furthermore, coastal erosion is increasing globally, and
is currently impacting at least 75% of the world’s shorelines
(Rangel-Buitrago et al., 2018b). Generally, erosion from
landmasses (both ter-OM and inorganic material) into the
ocean is a natural phenomenon that can occur both as a slow
pervasive process, but also rapidly during extreme events (Larson
and Kraus, 1995; Rangel-Buitrago et al., 2018b). However, the
ongoing and predicted human urbanization of coastal zones,
as well as the various anthropogenic effects on the climate
(temperature, precipitation, and storm events) increases the
rates of coastal erosion, with large ecological, economic, and
societal impacts (Pranzini, 2018; Rangel-Buitrago et al., 2018a;
Williams et al., 2018). The ongoing increase in sea level is
also a significant driver of coastal erosion (Toimil et al., 2017;
Rangel-Buitrago et al., 2018a).
Currently, none of the above-mentioned human impacts on
ter-OM transport to coastal zones have been discussed in relation
to coastal eutrophication or oligotrophication, especially not
along the aquatic continuum. However, filling these knowledge
gaps is essential for understanding and predicting the future state
and baseline conditions of global coastal zones (Newton et al.,
2012; Hyndes et al., 2014; Ward et al., 2017).
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Episodic Weather Events
Lastly, climate-driven changes in precipitation can strongly
influence runoff patterns from land to sea (Milliman et al., 2008;
Donnelly et al., 2017; Su et al., 2018). According to climate
change scenarios, the frequency and intensity of extreme,
episodic weather events is going to increase in various regions
around the globe (Milly et al., 2002; Sánchez et al., 2004;
Huntington, 2006; Kyselı et al., 2012). Increased storm runoff
will potentially have similar effects on coastal ecosystems as the
cases discussed above and will strongly depend on ter-OM quality
and quantity. Thus, while the carbon fraction may serve as an
additional energy source for bacteria, nutrients will, depending
on light and trophic conditions, additionally support primary
producers (Figures 2B–D) (Guadayol et al., 2009; Bec et al.,
2011; Pecqueur et al., 2011; Liess et al., 2016). Since storm runoff
events occur globally, including ter-OM in coastal eutrophication
monitoring is not only crucial for the boreal, arctic or tropical
zones, but in general.
SUMMARY, OUTLOOK, AND
RECOMMENDATIONS FOR
MANAGEMENT
The theoretical interactions and case studies described above
illustrate that there are considerable complexities in the
interactions between altered ter-OM inputs and inorganic
nutrient loadings, making it currently challenging to understand
and predict overall ecological responses, and effects of these
stressors on ecosystem health. In Figure 2, we suggest a
simplified conceptual framework to summarize how increasing
ter-OM may affect coastal systems under high inorganic nutrient,
and low inorganic nutrient conditions (i.e., eutrophic and
oligotrophic scenarios).
In general, ter-OM may change light quality and quantity
through its CDOM and shading/scattering caused by particles
and inorganic material (Figure 2A, gray line), while ter-
OM will also increase the carbon- and nutrient availability
in receiving waters, with the ecological response depending
on the bioavailability of the various ter-OM components, but
also ecosystem community compositions (Figure 2A, black
line). We predict an overall negative effect on autotrophic
production of increasing ter-OM (Figure 2B). However, in
oligotrophic systems, the nutrient fractions within ter-OM
would initially act to increase production up to a certain
threshold value, after which light-limitation would lead to
decreasing autotrophic production. This threshold value would
be dependent on the composition of the ter-OM, and specifically
the light attenuation of the CDOM fraction. With increasing
eutrophication of the system, we hypothesize that this nutrient
effect of ter-OM would decrease, and eventually vanish, with
light limitation being the main driver for the reduction in
autotrophic productivity. With the reduction in light quantity
and quality along the gradient of increasing ter-OM, a decrease
in benthic: pelagic productivity can be hypothesized. For
heterotrophs (Figure 2C), we predict an overall positive effect
of increasing ter-OM on productivity for both nutrient scenarios
(i.e., oligo- and eutrophic scenarios), until a saturation threshold
is reached. At nutrient saturation, any additional nutrients
and carbon will not lead to higher productivity and instead
other factors will be limiting growth of heterotrophs (e.g.,
temperature, predation etc.). In sum, the overall effect on the
metabolic balance (i.e., autotrophic: heterotrophic production) of
increasing ter-OM would be a shift toward net heterotrophy, by
causing a decrease in autotrophic processes and a simultaneous
increase in heterotrophic respiration. By its influence on the
metabolic balance of coastal ecosystems (i.e., net heterotrophy),
changes in ter-OM input could have implications for the
global carbon budget of coastal ecosystems, causing increased
release of greenhouse gases (e.g., CO2, CH4) and a potential
increase in coastal dead zones (Wikner and Andersson, 2012;
Andersson et al., 2013; Lapierre et al., 2013), which deserves
increased attention.
This developed conceptual framework, describing interactions
between ter-OM and eutrophication or oligotrophication
processes, remains to be challenged in future studies by
conducting e.g., full-factorial experiments, using long-term
monitoring data and performing meta-analysis of global case
studies in different global coastal ecosystems, but also along the
land-ocean continuum and by changing abiotic conditions (e.g.,
salinity, temperature). Such studies will greatly improve our
understanding of baseline shifts within coastal ecosystems and
help to determine thresholds where shifts could be expected, for
example for light-limitation of autotrophs or transitions from
net autotrophy to heterotrophy in different coastal systems.
In addition, there is a need for methodological harmonization
between the different research areas and along salinity-gradients
(i.e., catchment, freshwater, coastal, and marine). Although the
case studies described above all deal with changes in ter-OM
and nutrient input, they have rarely been put into context
with each other. This might be due to the different drivers
between systems (e.g., precipitation, reduced sulfate deposition,
and structural changes in hydrological cycles), but also the
situation in different regions (arctic, boreal, and tropical), and
the different methodologies used. Future harmonization and
improvements in methodology will strongly improve and aid
the realization of comparative studies. To date, ter-OM is
operationally classified by its dissolved organic carbon (DOC)
content, where DOC is defined by its size (i.e., liquid that
passes through a 0.45 µm filter in most, but also 0.2 or 0.7 µm
filter in some cases) (Creed et al., 2018). However, there is
currently a rapid development in methods for improving the
characterization and determination of ter-OM, and CDOM,
which should aid comparisons between regions and studies in the
future (Bravo et al., 2018; Wünsch et al., 2018).
Our review shows that despite the growing recognition of the
importance of ter-OM for aquatic productivity (Fabricius, 2005;
Solomon et al., 2015; Creed et al., 2018), there is still significant
improvements to be made in incorporating this knowledge into
both research and policy efforts on eutrophication. Even though
alternate sources of OM have been discussed as contributing
to eutrophication for decades (Nixon, 1995; Nixon, 2009),
the focus of most policies and monitoring programs is still
connected to the classical “nutrient-enrichment” understanding
of the eutrophication problem (e.g., in the European water
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framework directive, WFD). We argue that the similarity
in effects between eutrophication and ter-OM (reduced light
availability, net heterotrophy, anoxic bottom water zones, and
decrease in macrophyte cover) make it challenging for both
researchers and policy makers to properly determine the correct
cause-effects relationships. A potential misdiagnosis hinders our
understanding of the complex responses observed in coastal
ecosystems, and more worryingly could be interpreted as that
current environmental policies to reduce inorganic nutrient
loadings are inefficient in improving eutrophication status and
ultimately ecosystem health.
Nixon (2009) argued for the need of “macroscopes” when
understanding and managing eutrophication, including effects of
climate change, and changes in the total supply of organic matter
(i.e., both autochthonous and ter-OM) to the system. Andersen
et al. (2006) argued that measurements of primary production
should be mandatory when monitoring eutrophication. We echo
these recommendations, and specifically also advice to include
measurements of ter-OM or ter-OM proxies into eutrophication
monitoring programs, such as DOC, CDOM, and light (including
spectral composition). We believe this is timely, given both the
number of cases showing a failure of reducing inorganic nutrient
loadings for improving environmental conditions and ecosystem
health in many coastal areas (Duarte et al., 2009), and the
improving methodology for determining the quality and quantity
of ter-OM (Mann et al., 2016; Osburn and Bianchi, 2016; Bianchi
et al., 2018; Creed et al., 2018). Adding measurements of ter-
OM in coastal monitoring programs would reduce uncertainty in
predicting future states and baseline shifts of coastal ecosystems
in response to both eutrophication and oligotrophication. This
is important, since ignoring interactions between ter-OM and
eutrophication and oligotrophication might slow down future
efforts to secure coastal ecosystem health.
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